We report a novel host-associated virulence plasmid in Rhodococcus equi, pVAPN, carried by 51 bovine isolates of this facultative intracellular pathogenic actinomycete. Surprisingly, pVAPN 52 is a 120-kb invertron-like linear replicon unrelated to the circular virulence plasmid associated 53 with equine (pVAPA) and porcine (pVAPB variant) R. equi isolates. pVAPN is similar to the 54 linear plasmid pNSL1 from Rhodococcus sp. NS1 and harbors six new vap multigene family 55 members (vapN to -S) in a vap pathogenicity locus acquired via en-bloc mobilization from a 56 direct predecessor of the equine pVAPA. Loss of pVAPN rendered R. equi avirulent in 57 macrophages and mice. Mating experiments using an in vivo transconjugant selection strategy 58 demonstrated that pVAPN transfer is sufficient to confer virulence to a plasmid-cured R. equi 59 recipient. Phylogenetic analyses distributed the vap multigene family complement from 60 pVAPN, pVAPA and pVAPB in seven monophyletic clades, each containing plasmid type-61 specific allelic variants of a precursor vap gene carried by the nearest vap island ancestor. 62 Deletion of vapN, the predicted "bovine-type" allelic counterpart of vapA essential for 63 virulence in pVAPA, abrogated pVAPN-mediated intramacrophage proliferation and 64 virulence in mice. Our findings support a model in which R. equi virulence is conferred by 65 host-adapted plasmids. Their central role is mediating intracellular proliferation in 66 macrophages, promoted by a key vap determinant present in the common ancestor of the 67 plasmid-specific vap islands, with host tropism as a secondary trait selected during co-68 evolution of individual virulence plasmids with specific animal species.
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Mating experiments. Transfer of the virulence plasmid between R. equi bacteria was 196 investigated using a mating protocol essentially as previously described (39) . Overnight BHI 197 cultures of donor and recipient R. equi were harvested by centrifugation, resuspended in 198 phosphate-buffered saline (PBS) to a cell density of ≈10 7 CFU, mixed ≈1:1 and spotted in a 199 ≈5 μl drop onto BHI agar. The recipient 103Sbacteria carried a chromosomal rifampicin 200 resistance (Rmp R ) marker. 103S -RmpR bacteria were isolated by selection of spontaneous 201 resistant mutants on increasing concentrations of rifampicin, from 25 to 100 µg/ml, and 202 stabilization by repeated subculturing in the presence of the highest concentration of the 203 antibiotic. After incubating the mating mixture at 30 ºC for 72 h, bacteria were collected in 1 204 ml of PBS, serially diluted, and plated onto BHI agar without and with supplementation with 205 100 µg/ml rifampicin. At this rifampicin concentration, no Rmp R colonies were detected in 206 the only-donor control plates. Transconjugants were identified among Rmp R colonies by 207 simultaneous PCR detection of virulence plasmid-specific markers and of recipient's 208 chromosomal gene markers (103S strain-specific sequences identified from genome 209 comparisons) using ad hoc oligonucleotide primers (Table S1 ).
210
Macrophage cultures and infection assay. Low-passage murine J774A.1 211 macrophages and human monocyte-like THP-1 cells were obtained from ATCC and cultured 212 at 37 °C under 5 % CO 2 in Dulbecco's minimal essential medium supplemented with 10% de-213 complemented fetal bovine serum, 2 mM glutamine and 1 mM pyruvate (DMEM). THP-1 214 cells were initially grown in suspension in RPMI-1640 medium with the same supplements.
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Cells were seeded on 24-well plates at a density of ≈2×10 5 cells/well and incubated overnight 216 in DMEM, for THP-1 monocytes in the presence of 50 ng/ml phorbol 12-myristate 13-acetate 217 (PMA) to allow differentiation into macrophages. Infection assays were performed on ≈80% 218 confluent macrophage monolayers as previously described (40). Intracellular proliferation 219 data were normalized to the initial counts at t = 0 using an "Intracellular Growth Coefficient" 220 according to the formula: IGC = (IB n -IB 0 ) / IB 0 , where IB n and IB 0 are the intracellular 221 bacterial numbers at t= n and t= 0, respectively (40, 41) . virulence assay were performed as previously described (27). The relative proportion of the 226 competing bacteria was calculated by analyzing at least 40 random colonies from the plated 227 organ homogenate by PCR using suitable oligonucleotide primers (Table S1) Statistics. Intracellular proliferation and uptake data were compared using two-way 233 and one-way ANOVA, respectively, followed by Šidák post-hoc multiple comparison tests. (Fig. 2) . The rep-parA module is detected as HGT genetic material in 336 pNSL1 and is conserved in the circular plasmids pVAPA/B and R. erythropolis pREC1 (in 337 the latter also identified as HGT). In pVAPN, it is flanked on the right by a phage excisionase 338 gene (pVAPN_0520) which is conserved in pNSL1 and, interestingly, also in the circular 339 replicons despite these deriving from a different ancestor (Fig. 2) . This lends additional 340 support to the earlier suggestion that the rep-parA determinant forms part of an 341 "exchangeable" gene cassette subjected to HGT between different rhodococcal plasmids (24).
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This replication/partitioning region appears to serve as an insertion platform for HGT DNA 343 (24), as suggested by the fact that the VR is either immediately adjacent (pVAPA/B circular 344 plasmids) or interrupts it (pVAPN, pNSL1 and the larger circular pREC1) (Fig. 2) . Plasticity region (VR). The colinearity with pNSL1 is abruptly interrupted at the level 351 of the traA pseudogene, marking the start of the VR. pVAPN's VR is interrupted by an island 352 of homology with ORFs from the right end of pNSL1's backbone, suggesting it has been 353 formed by two independent DNA acquisition events (Fig. 2) . The left VR section comprises 354 the pVAPA/B-homologous phage excissionase-rep-copG sequence module (see above) plus 355 proteins and a number of products with various predicted functions (Fig. 2) . The complete left 357 VR section with the vap PAI is identified as HGT (Fig. 2) , suggesting it is a more recent 358 acquisition.
359
vap PAI. pVAPN's vap PAI genetic structure is similar to that of pVAPA/B (Fig. 5) . S4B) were compared using NOTUNG phylogenetic reconciliation software (68) (Fig. S5) . The 392 phylogenetic data were then interpreted in combination with a detailed comparative analysis 393 of the genetic structure of the PAIs (Fig. 5 ).
394
The above analyses inferred that the lowest common ancestor (LCA) of the three vap 395 PAIs probably comprised seven precursor vap genes, designated 1 to 7. These gave rise to the 396 contemporary plasmid type-specific allelic variants as schematized in Fig. 3B (see Vap homologs are found in other bacteria from different phyla or even fungi (Fig. S4A ).
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The presence in pVAPN, adjacent to the PAI, of an orphan, corrupted copy of traA plus 402 other sequences from the pVAPA/B housekeeping backbone (phage excisionase-rep-copG 403 HGT sequence module) (Figs. 2, 5) suggests that the vapN PAI was mobilized to the linear 404 replicon from an ancestor of the circular pVAPA/B and not vice versa. An identical gene 405 translocation as that observed for the allelic variants vapG (pVAPA) and vapO (pVAPN) is 406 unlikely to have occurred twice independently, indicating that the vapN PAI probably 407 originated from a direct precursor of pVAPA after diversification from pVAPB. This 408 interpretation is supported by a phylogenetic analysis performed with the non-vap genes of 409 the PAI (Fig. S4B) . It also accounts for the presence in the vapN PAI of pVAPA's vapI/E and 410 vapC/F putative allelic variants vapR and vapS, which are absent in pVAPB (Figs. 5, S5) . The and 103SΔvapA, respectively (Fig. 7B) . These results demonstrate that the bovine plasmid 430 pVAPN is, like the equine pVAPA, necessary for facilitating R. equi parasitization of host 431 macrophages. They also show that vapN appears to perform an essential function in 432 pathogenesis, similar to vapA in the equine plasmid (26). Uptake of 1571and 1571ΔvapN 433 remained unaffected and the same was observed for 103Sand 103SΔvapA (Fig. S6) , 434 indicating that the effect of the two plasmids and their cognate VapN and VapA products is 435 specifically related to intracellular survival and/or replication. pVAPN and vapN in virulence in vivo. The 1571 strain and its plasmidless 437 derivative 1571were also tested in mice using a competitive lung infection model (27). 
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Role of
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Plasmidless 1571bacteria were cleared from the lungs at a much faster rate than the 444 1571 parent strain (Fig. 8A) . Except for t = 0, when similar numbers of 1571 and 1571were 445 recovered, the C.I. was significantly lower than 1 at all time points (Table 1) . By day 3 most 446 (96.3 %) of the bacteria were plasmid-positive whilst, at day 4, the 1571strain was not 447 detected despite total CFU numbers remaining stable in the lungs, indicating that the plasmid-448 cured bacteria were strongly outcompeted (Fig. 8A ). This pattern mirrored the results 449 observed when the same experiment was performed with R. equi 103S and its plasmidless 450 derivative 103S - (27) . These data demonstrate that the bovine-type pVAPN plasmid, like the 451 equine pVAPA, confers to R. equi the ability to survive in vivo in an animal host. 452 We next analysed the role of VapN in pVAPN-promoted virulence in mice. Since, 453 according to the macrophage data, the lack of VapN was likely to cause strong attenuation in 454 vivo, we compared the competitive ability of 1571ΔvapN against the non-virulent derivative 455 1571 -(27). This approach takes advantage of the greater sensitivity of competitive tests in 456 assessing small differences in virulence (69, 70) and, to ascertain the relative importance of 457 comparison with the fully virulent parent strain.
459
While the 1571strain was readily displaced by the plasmid-positive 1571, sizable 460 numbers of both ΔvapN and 1571were recovered at all time points (Fig. 8B) . This is similar 461 to the behaviour of 103SΔvapA and 103Susing the same experimental conditions (27), 462 demonstrating that loss of VapN is sufficient to cause a reduction in virulence comparable to 463 that in the absence of its coding pVAPN plasmid. Nevertheless, the C.I. data showed partial 464 outcompetition of plasmid-cured 1571by ΔvapN, particularly during the two first time points 465 ( 
